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Abstract optoelectronic and high-speed electronic devices.

) ] Use of the epitaxial film for these devices requires

In this paper the flow dynamics of a homoge- uniformity of the thickness and precise control of

neous gas inside a vertical, cylindrical reactor is composition of the layers grown. These, in turn,
 modeled ‘fvith a coxr'1mercially available computa- depend strongly on gas flow dynamics in the de-
: tional _ﬂ“’d dy.namlcs code. 'I"h'e transport pro- position chamber (reactor). The purpose of this
~  cessesIn cher‘mcal vapor deposition are described project is to create an optimized design of the
by conservation of mass, moment'um, energy, and reactor chamber with a view to increased purity
mass transfer equations. Navxer-Stokes equa- and uniformity of the deposition layer. We also
tions for a Newtonian fluid and laminar flow are study the use of active controls with the same

used to describe the momentum conservation.

© ) goal of growing better epitaxial layers.
Buoyancy effect is included in the model through

the gravitational term in the momentum equa- Deposition at atmospheric or slightly reduced
tion. Thermal (Soret) effect will also included pressures (= 0.1 atm) is desirable for high growth
in the model to account for binary diffusion in rates, making the control of uniformity very diffi-
the presence of large temperature gradients typi- cult. Thus, much attention has been given to the
cal of chemical vapor deposition (CVD) process. area of modeling gas flow in the vertical and hor-
Results of a 2-D, steady, axi-symmetrical flow izontal CVD reactors through numerical simula-
are presented using a finite element method with tion studies. For example, Black et al. [1] have
non-uniform cartesian meshes. We also provide presented a 2-D model of CVD growth of GaAs
some discussions on the formulation of the opti- in a horizontal reactor and validated their results
mal reactor design problem for CVD. against experimental data for in the low pressure
high-flow rate regimes. Also, Ouazzani et al. [9]

1. Introduction investigated a 3-D model of horizontal CVD and

. ] ) compared their results with experimental data.

Chemical vapor deposition 1s an industrial pro- One of their primary findings was that for light
cess used to produce thin films in microeletc- gases, thermal (Soret) diffusion cannot be ne-
tronic devices (e.g. transistors, integratedF cir- glected in the modeling. Their models also pre-
cuits, super-conducting devices). This pricess dicted that Soret diffusion increases the unifor-
uses chemically reacting vapors to create an epi- mity of growth process. CVD and related thin
taxial (thin) film. One of the common CvD film deposition processes are reviewed in a num-
processes is the the deposition of extremely-pure ber of books and articles (see e.g. [3] and the
epitaxial films of compound semiconductors for references given therein). A review of the trans-

*This work was supported by National Aeronautics port phenomena and chemistry involved in CVD

and Space Administration grant #NAGW-2865, and by can be found in [7]a [5]
computer time provided by the North Carolina Supercom-

puter Center. In recent years there has been increased inter-
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est in control problems arising in fluid flow sys-
tems. However, most of the progress so far has
been limited to numerical experimental investi-
gations. For example in the area of boundary
layer separation control, several methods have
been developed experimentally to provide vari-
ous effective results of flow control including a
moving surface, and suction or injection of a gas
(see e.g. [6]). We will use analytic methods to
determine effective controls to be used in the con-
text of CVD), such as the method demonstrated
by Ito et al. [4]. They formulated and solved
(computationally) the control of recirculation in
a steady-state problem for two flows, namely, the
driven cavity flow, and a flow over a backstep
where there is a sudden expansion. Other contri-
butions in the analytical or numerical approach
of fluid flow control are presented in [8, 10, 11, 2].
In formulating the control problem a crucial step
is to find a suitable cost functional that is rele-
vant to the physics of the flow. The cost func-
tional is a quantification of the goals we want to
achieve. For example, the integral of the mag-
nitude of the vorticity would be a quantification
of the goal to achieve laminar flow. The cost
function for this application is described below.

2. Problem Specification

We will use a reactor with a configuration de-
signed to reduce fluctuations in flow conditions.
Such fluctuations can arise, for example, from
buoyancy effects and from irregular geometries.
We minimize the loss of symmetry by choos-
ing a cylindrical tube, and minimize non-axi-
symmetric buoyancy effects by aligning the grav-
itational vector g with the axis of symmetry and
using upwards flow of gas in the CVD reactor.
This orientation will protect the downwards fac-
ing substrate from particulates that may settle
on the surface and cause inhomogeneous growth
conditions across the wafer. The configuration
for the 2-dimensional simulation is shown in Fig.
1. This is for comparison with the planned
closed-tube reactor experimental setup depicted
in Fig. 2.

3. Model

The mathematical model for the transport
phenomena involved in the CVD process couples

3406

T=1000 T=1000

- -

Axis of S ymmetry

Figure 1: Simplified geometry for numerical ex-
periments
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the usual gasdynamic equations (conservation of
mass, momentum and energy) with an equation
for the effects of species diffusion. For example,
if we assume a binary mixture of gases indicated
by the subscripts a and b, the species diffusion
equation would be

0(pWs) | O(puWs) | O(pvWs) | B(pwWs) _
51 Bz By 3z

'a—VVE] +% [pDab‘aa—VZéjI +(‘96; [pDabBWb]
OlogT

Oz ]

Olog T

dy ]

8logT

0z ]

In this equation, p is the density of carrier gas,

u, v and w are the velocity components in the

z, y and z direction respectively, W, is the mass

fraction of carrier gas, W} is the mass fraction of

reactant, Dgp is the diffusion constant of reactant

in carrier gas, ar is the thermal diffusion factor,

and T is the temperature. Using these equations

for the gasdynamics, the deposition process is

modeled through special boundary conditions at

the substrate. This is a topic of current study.

0z

+—= |pDaparW Wy

+—— |pDaparW.Wp
|

+ = |pDavar WoWp

We note that gravity enters into the trans-
port model through the momentum equation,
and thermal (Soret) diffusion is modeled in the
species equation by the terms

5} BlogT
2 pDapor Wa W,
B¢ pDapar W Wy 3¢

where ¢ stands for z, y, or 2. This is the sepa-
ration of species of different mass or size due to
thermal gradients.

4. Numerical Simulations

In our first case study, we consider aiwo-
dimensional axi-symmetric steady flow of a ho-
mogeneous gas with the properties of air at 20
atmospheres. The mesh density used in the com-
putation is depicted in Fig. 3. The top wall is
fused quartz with thickness of 2 mm. The dimen-
sion of the tube is 5cm by 5cm. We used no-slip
boundary conditions everywhere (i.e. the veloc-
ity is zero). The temperature is fixed at 950°C
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Figure 3: Mesh for 2-D Simulation

at the top of the fused quartz wall and 1000°C
otherwise. This simulation is designed to provide
insight into the bulk flow. Modeling of the depo-
sition process itself is a topic of current study.

The problem is solved using the finite element
code FIDAP on the Cray Y-MP. The CPU time
for a typical simulation is 10 sec. The veloc-
ity field (see Fig. 4) contains recirculating cells.
When the material in the recirculating regions
cannot exit these regions except by diffusion,
these vortices in the CVD reactor will adversely
effect the film uniformity. We remark that buoy-
ancy driven recirculating cells appeared in the at-
mospheric pressure (open tube) simulations cal-
culated by Black et al. [1].

5. Optimization of Reactor and
Active Control of Flow

The first stage of this project is the creation
of an optimized reactor chamber design. This
will be followed by studying techniques to ac-
tively control the fluid fluid flow. When formu-
lating control and/or optimization problems for
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Figure 4: Velocity field
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Figure 5: Temperature contours

the flow in CVD reactors, a very important step
is the derivation of a suitable cost functional rel-
evant to the physics of the flow. Both the re-
actor chamber design and control of fluid flow
share the ultimate goal of uniformity of the epi-
taxial layer; however, measuring the uniformity
in the computational setting may not be possible
(due to simplifications required to formulate the
model of the deposition process). Thus, the cost
functional must be formulated as depending on
other quantities. One candidate cost functional
corresponds to matching the velocity field inside
the CVD reactor with a desired field given by .
This cost functional is

T
| fiv@-apdea,
0 N

where 2 C R™, n = 2 or 3, denote the geometry
of the reactor, 4 is the velocity vector of the flow.
Another cost functional corresponds to the total
vorticity in the flow given by

T
/ / IV % @|° de dt.
0 a
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This cost is motivated by the fact that flows with
small vorticity should contain little recirculation.

Minimizing the cost functional for active con-
trol of the fluid flow can exploit the possibility
of modifying the following experimental param-

eters:

1. modifying the temperature profile at the top
of the reactor,

2. rotation of the reactor chamber,

3. and/or slight modification of the orientation
of the reactor chamber with respect to the
gravity vector.

Optimal reactor design can utilize the above
parameters; however, the design is expected to
depend primarily on the following parameters
(refer to Fig. 2):

1. shape of the quartz top (e.g. convex up,
down, or a combination),

2. height of the reactor chamber,

3. and shape of the bottom of the reactor
chamber respect to the gravity vector.

We expect to show the feasibility of the above
formulation of control problems by developing
computational algorithms for optimal solutions
for specific CVD processes of practical impor-
tance.
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